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ANOMALOUS ULTRASOUND
ATTENUATION NEAR THE CRITICAL POINT

PACS 2.60.+v; 62.80.+f

OF n-PENTANOL-NITROMETHANE
SOLUTION STRATIFICATION

A binary n-pentanol-nitromethane solution in the homogeneous state near the critical strat-
ification point is acoustically studied in a frequency range of 5+2800 MHz. The experiment
confirmed the existence of the anomalous ultrasound attenuation, which can be analyzed in
terms of the effective ultrasound absorption. On the basis of experimental data, the regular
and fluctuation components of the effective ultrasound absorption coefficient of the solution
are resolved. It is shown that the fluctuation part of the effective absorption coefficient can be
described in the framework of the Ferrell-Bhattacharjee theory of heat capacity relaxation. On
the basis of this theory with the use of the obtained experimental data, the crossover scaling
function is determined, and its parameters n and €y /2 are found.
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1. Introduction

Universal and, at the same time, unique proper-
ties of liquids and liquid systems near their critical
points remain a subject of the vivid scientific dis-
cussion [1-4]. Now, considering the ample opportu-
nities for properties of such systems to be applied in
practice [5—7], the experimental and theoretical re-
searches that allow one not only to reveal the struc-
tural features of liquids or solutions near their critical
points, but also determine their governing physical
mechanisms, are challenging. Experimentally, such
researches are much easier to be carried out near the
critical stratification point than in a vicinity of the
“liquid-vapor” one. Indeed, in the former case, the
pressure in the system can be atmospheric, and the
temperature can be environmental, unlike the latter
case where the pressure in the system is two orders of
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magnitude as high as the atmospheric one, and the
temperature considerably exceeds room one. At the
same time, the confirmed isomorphism hypothesis al-
lows the results obtained for the critical stratification
point to be extended onto the behavior of a medium
near the critical “liquid-vapor” point. For this reason,
the researches of properties near the critical stratifi-
cation point, which can be performed using various
methods — in particular, the method of acoustic spec-
troscopy [8,9], — are of importance.

When an ultrasonic wave propagates through a lig-
uid or a liquid system, the attenuation of its intensity
I along the specimen thickness in the case where the
specimen is thin is described by the differential equa-
tion

—dI = aldz, (1)

where « is the coefficient of ultrasound attenua-
tion. The solution of Eq. (1) is the well-known de-
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pendence of the Bouguer-Lambert—Beer type [10],
I = Iy exp{—azx}. (2)

The mechanism of sound attenuation in liquids that
are far from their singular points in the thermody-
namic space is well studied. This is the absorption
of sound at the molecular level, which is associated,
first of all, with the relaxation of the shear, s, and
bulk, 7,,, viscosities in liquids and their solutions. In
this case, the quantity « in Eq. (2) is the ultrasound
absorption coefficient. The corresponding ultrasound
wavelength exceeds the characteristic dimensions of
the system — these are the sizes of molecules or in-
termolecular bonds — by several orders of magni-
tude. As a rule, in view of the quadratic dependence
of the absorption coefficient on the ultrasound fre-
quency f [10], it is the normalized quantity af?,
rather than the absorption factor itself, that is an-
alyzed in experiments.

The situation is essentially different in vicinities of
the singular points in the thermodynamic space of
liquids or solutions; these are the “liquid-vapor” crit-
ical point and the stratification one. In this case, the
characteristic dimension of the system is determined
by fluctuations or the correlation length R.. For in-
stance, when approaching the “liquid-vapor” critical
point to the distance t = % ~ 107%, where T,
is the critical temperature, the correlation length R,
observed by the optical method increases to about
102 nm. The length of an ultrasonic wave with the
frequency f ~ 10° Hz becomes comparable with the
correlation length, which inevitably results in that
the sound wave is not only absorbed, but also scat-
tered. As a result, the exponent of the exponential
function in Eq. (2) will change to (a+X)x. At present,
there is no technique to distinguish the scattering and
absorption effects in the acoustic researches of this
kind. Therefore, while analyzing the ultrasound at-
tenuation in a liquid medium, the effective absorption
coefficient agpr, which makes allowance for both ab-
sorption and scattering of ultrasound, will be implied.

This work was aimed at studying the effec-
tive ultrasound absorption coefficient near the up-
per critical point of stratification in homogeneous
n-pentanol(CsHy; OH)-nitromethane(CH3NO) solu-
tions with various concentrations along their isocon-
centration curves in the temperature interval 0.1 K <
< T — T, <15 K. The researches were carried out in
an ultrasound frequency range of 5-2800 MHz.
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2. Experimental Specimens and Method

For experimental researches, we chose the binary
solution n-pentanol-nitromethane. It was done, first
of all, because the critical stratification tempera-
ture of this liquid system is close to the so-called
room temperatures, which simplifies the experimental
procedure.

The experimental researches of the normalized ef-
fective absorption coefficient agpf~2 were carried
out, by using the pulse ultrasound method, which was
described in work [11] in detail. The pulse method
with variable distance and the resonance excitation of
quartz piezocrystals were used in a frequency range of
5-+150 MHz, and the method of non-resonance excita-
tion of a lithium-niobate single crystal in a frequency
range of 3002800 MHz. The total measurement er-
ror for the effective ultrasound absorption was equal
to 2-5%, depending on experimental conditions.

The characteristics of studied objects are shown in
Table. In the table, the concentrations X of the re-
searched solutions are indicated in mole fractions of
the first component (n-pentanol). N-pentanol and ni-
tromethane that were used in the measurements were
of the chemically pure grade.

3. Ultrasound Absorption Coefficient

A large body of experimental data obtained for a
number of n-pentanol concentrations in the examined
binary solution allowed us to determine the depen-
dence of the normalized ultrasound absorption coef-
ficient agr f~2 on the ultrasound frequency and the
solution temperature. Note that our results correlate
with rare data reported by other authors, which per-
formed similar acoustic researches in a different fre-
quency interval [12,13].

In Figs. 1 and 2, the experimental values of effective
ultrasound absorption coefficient in the n-pentanol—
nitromethane solutions with the n-pentanol concen-
trations X = 0.384 and 0.3 (solutions 4 and 3, respec-
tively, in Table) are exhibited. The data obtained ev-
idently testify to the anomalous ultrasound attenua-
tion when approaching the critical stratification tem-
perature from the homogeneous-state side.

Figures 1 and 2 show that the experimental data
form surfaces in the three-dimensional space “effective
absorption coefficient — temperature — frequency”. At
certain frequencies and temperatures, the behavior of
those surfaces has a characteristic feature, namely, a
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Parameters of studied n-pentanol-nitromethane solutions

Structural models of

Solution type .
solution components

Molar fraction
of n-pentanol

Critical stratification | Critical stratification

temperature T, K concentration X¢

n-pentanol(CsHy1 OH)— n-pentanol 1. X=0;2. X =0.2 300.9 £ 0.2 0.385 + 0.005
nitromethane(CH3NO) 3. X =03;4. X =0.384;
5. X =0.4;
nitromethane 6. X =0.5;7. X =0.6; 300.8-301.0 [8,12] 0.378-0.390 [8,12]
% 8. X=0.7;9. X=0.8;
10. X =1

peak of the effective ultrasound absorption coefficient
is observed. The experimental researches of a num-
ber of binary n-pentanol-nitromethane solutions with
various concentrations showed that the peak magni-
tude is maximum for the solution with the n-pentanol
concentration X = 0.384. A comparison of Fig. 1 with
Fig. 2 corresponding to the solution with X = 0.300
demonstrates that, at other solution concentrations,
the peak magnitude decreases, and the peak itself be-
comes wider. Really, the maximum values found for
the normalized ultrasound absorption factor agp f ~2
at a temperature of 300.9 K and a frequency of
10 MHz amounted to 500 x 10715 s?/m for the so-
lution with the concentration X7 = 0.384 (see Fig. 1)
and to 460 x 107*° s?/m for the solution with the
concentration X; = 0.300 (see Fig. 2). Note that the
further increase of the ultrasound frequency resulted
in a drastic peak reduction for the effective ultrasound
absorption coefficient. The analysis of the obtained
dependences allowed us to determine the critical con-
centration for the n-pentanol-nitromethane solution,
X, =0.384+0.005, and its critical stratification tem-
perature, T, = 300.90 & 0.25 K. These results agree
with the data of other authors [8,9] (see Table).

4. Discussion of the Results Obtained

Owing to a complicated geometry of the surfaces ex-
hibited in Figs. 1 and 2, let us express the effective ul-
trasound absorption coefficient as a sum of its regular,
(af~?)req, and fluctuation, (af~2)pr, components,

af 7 = (af)rec + (af?)pL. (3)

The both components are functions of the temper-
ature and the concentration of the examined solu-
tion. The regular part of the effective absorption co-
efficient corresponds to the actual ultrasound ab-
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Fig. 1. Dependence of the normalized effective ultrasound
absorption factor agp f~2 in the n-pentanol-nitromethane so-
lution with the molar fraction of n-pentanol X = 0.384 on the
ultrasound frequency and the solution temperature

Fig. 2. The same as in Fig. 1, but for the n-pentanol-nitrome-
thane solution with the molar fraction of n-pentanol X = 0.300
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L

Fig. 3. Dependence of the crossover dynamic ultrasound ab-
sorption function F'(€2) on the reduced frequency 2 for the n-
pentanol-nitromethane solution with a critical concentration
of 0.384. Symbols correspond to different proximities AT of
experimental values to T.: AT =0.1 K (0), 0.2 K (A), 0.3 K
(o), and 0.4 K (®). The curves correspond to the result of the-
oretical calculations of F(2) by formula (10) [20]

sorption coefficient of the solution making no al-
lowance for fluctuations. This component is governed
by structural features of the studied solutions. The
fluctuation part is associated with processes that oc-
cur in the solution, when its temperature approaches
the critical stratification one. This component is de-
termined by growing fluctuations of the concentration
of a solution.

To describe the regular part of the ultrasound ab-
sorption coefficient, the Hill model can be applied
[14]. This model takes into account the presence of
two relaxation regions in the system,

(af?)rEc =

= 4 + 4> + B, (4)
(14 (wr)2) "2 (14 (wr)2s) "= ’

where w = 27f is the cyclic frequency of ultra-
sound; 7 and 7o are the relaxation times in the low-
and high-frequency relaxation regions, respectively;
fi=27rm) ' and fo = (2772) ! are the correspond-
ing relaxation frequencies; A; and A, are the ampli-
tudes of ultrasound absorption in the corresponding
relaxation regions; and B = lims_, o (aprf~2) is the
high-frequency limit of the quantity agr f~2. The in-
dices m, n, and s were introduced by Hill in order
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to account for the collective processes that occur be-
tween the molecules of a solution at the molecular
level; they are equal to 0 or 1 [14]. As was shown in
work [15], m = n = s = 1 for the analyzed solutions.

The obtained experimental results were analyzed as
follows. The parameters of model (4) were calculated
with the help of the software package Matcad [16] for
those experimental data, which, according to Figs. 1
and 2, were not associated with the anomalous or crit-
ical behavior of the absorption coefficient. According
to our estimations, this region was determined by the
criterion ¢ > 1.3 x 1072, Then, the experimental data
were used to determine analytical expressions for the
temperature dependences of the coefficients Ay, As,
B, 11, and 75. Later, those dependences were extrap-
olated onto the whole examined temperature interval
of acoustic researches in the n-pentanol-nitromethane
solution. This procedure, owing to the extrapolation
operation, allowed us to find the regular component of
the effective absorption coefficient factor in the fluc-
tuation region. The fluctuation component was de-
termined on the basis of formula (3). This compo-
nent was analyzed in the framework of the Ferrell-
Bhattacharjee theory of heat capacity relaxation [17—
19], by using the formula

(f)pL = (af %) F(Q), ()
where (af~2). is the effective ultrasound absorp-
tion coefficient at the critical point, F(2) a scaling
crossover function introduced by the authors of work
[20], 2 = = is the scaling parameter of the crossover
function, and wp is the characteristic frequency of the
concentration fluctuation relaxation.

For solutions with the critical concentration, the

characteristic relaxation frequency is determined by
the formula [21]

wp = wot %Y, (6)

where wg is the amplitude of the characteristic fre-
quency of concentration fluctuations, Z the dynamic
critical index, and v the critical index in the tempera-
ture dependence of the correlation length. According
to Eq. (6), in vicinities of the critical points, where
t — 0, the characteristic relaxation frequency of con-
centration fluctuations tends to zero. The amplitude
of the characteristic frequency of concentration fluc-
tuations can be calculated, by using the formula

kKT,
wo 3mno Ry’ (7)
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where k is the Boltzmann constant, 79 the ampli-
tude of the dynamic viscosity (its value 7y = (0.98 £
£0.05) MPa was obtained by us from a rheological
experiment), and Ry the amplitude in the temper-
ature dependence of the correlation length (accord-
ing to literature data [12], its value equals Ry =
= 0.14£0.5 nm). The value calculated in this way for
the amplitude of the ultrasound absorption coefficient
in the n-pentanol-nitromethane solution amounts to
wo = (1.7940.3) x 10! s~! and agrees with the data
of work [12].

Substituting the dynamical critical index Z =
= 3.065 [21] and the critical index in the tempera-
ture dependence of the correlation length v = 0.63
[22] into formula (6), and taking the value obtained
for wg into account, the temperature dependence of
the relative frequency 2 looks like

Q=35x10"1 f¢193, (8)

Since f is the frequency, §2 also has the dimension of
frequency.

For the determination of the effective absorption
coefficient at the critical point, let us use the formula
[17]

(af ) =8 fO+Z, 9)

where o7 = 0.091 is the critical index for the isochoric
heat capacity [17], and the v- and Z-values were de-
termined above. By analyzing the critical absorption
of ultrasound at various frequencies and using for-
mula (9), we can find the value of S, which equals
S = (2.0 £0.5) x 1075 s%9/m for the n-pentanol-
nitromethane solution [13].

Hence, formula (9) can be used to calculate the
critical ultrasound absorption at the critical strati-
fication point of the n-pentanol-nitromethane solu-
tion. Moreover, using formulas (5) and (8), we can
construct the scaling crossover function for the ultra-
sound absorption, F' = F(Q2). In Fig. 3, this function
obtained for the absorption of ultrasound in the n-
pentanol-nitromethane solution is plotted.

According to work [20], the shape of the scaling
crossover function is described by the formula

1
F(Q) = o n-2
(140414 (%) ]
The corresponding processing of the experimentally
obtained scaling crossover function in the framework

(10)
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of the Ferrell-Bhattacharjee theory of heat capacity
relaxation allowed us to determine the following val-
ues for the parameters in formula (10): n = 0.534+0.03
and €2y, = 2.50 £ 0.05. The obtained values should
be compared with the results of other works; for in-
stance: n = 0.5 and ,/,, = 2.1 [23]; n = 0.63 and
0o = 3.1[24]; and n = 0.5 and £ ;o = 6.2 [25]. One
can see that our results obtained by analyzing the
experimental data for the normalized ultrasound ab-
sorption factor have the best agreement with the re-
sults of calculations performed by Ferrell and Bhat-
tacharjee in work [23].

5. Conclusions

Binary n-pentanol-nitromethane solutions with vari-
ous component ratios are acoustically studied in the
homogeneous state in a vicinity of their critical strat-
ification point in an ultrasound frequency interval of
5-2800 MHz. The analysis confirmed the existence of
the anomalous ultrasound attenuation, which can be
interpreted in terms of the effective ultrasound ab-
sorption. In the experimental data obtained for the
solutions concerned, the regular and fluctuation com-
ponents of the effective ultrasound absorption co-
efficient are resolved. It is shown that the fluctua-
tion part can be described in terms of the Ferrell-
Bhattacharjee theory of heat capacity relaxation, and
the corresponding scaling crossover function is deter-
mined. Its analysis in the framework of the approach
of work [17] allowed us to find the following values of
parameters: n = 0.53 £+ 0.03 and Ql/g = 2.50 £ 0.05.
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AHOMAJIBHE ITOCJIABJIEHH YJIBTPA3SBYKY
IMOBJIN3Y KPUTUYHOI TOYKN PO3ITAPYBAHHA
PO3YNMHY H-IIEHTAHOJI-HITPOMETAH

Peszmowme

IIpoBenene akycTudHe JIOCJIKEHHsI OIHADHOTO DPO3YMHY H-
MEHTAHOJI-HITPOMETaH MPU HiIXOAl A0 HOro KPpUTUYHOI TOYKH
posmapyBaHHsi 3 00Ky POMOIE€HHOI'O CTaHy B iHTepBaJii 4acToT
5-2800 MI'n miarBepausio icHyBaHHS aHOMAaJILHOIO MocjabJie-
HHSI YJIBTPAa3BYKY, sike MOKe OyTH IIPOaHAJI30BaHO B TEPMiHAX
edEeKTUBHOIO IOIJIMHAHHS YJIbTPa3ByKy. Ha oCHOBI ekcriepu-
MEHTaJbHHUX JaHUX B poOOTI BHAlIEHI peryssipHa Ta (QOIyKTy-
armiifna gacTuHU e(PEeKTUBHOrO KoedinieHTa IOTJINHAHHS 3BYKY
B gociimkenoMmy posunHi. [lokaszano, mo duykryariiiina va-
cruHa epEeKTUBHOTO KoedilieHTa IONIHHAHHS MOXKe OyTH OIu-
caHa B TepMiHax Teopil pesakcyodol TerioeMuocti Peppesa—
Bxaragap:ku, B paMKax sIKOl Ha OCHOBI OTPUMAaHHMX €KCIIEpH-
MEHTaJIbHUX JAaHUX BU3HAYEHA MaclITabHa KpOocoBepHa (yH-
Kiist. AHajis mobyaoBaHOI MacIITabHOI KPOCOBEPHOI (OYyHKIIT
JI03BOJIUB 3HAlTH II mapaMerpu n Ta {2y /o.
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